Although breast cancer is the second main cause of female deaths after lung cancer, early diagnosis plays a crucial role to diminish the death rate. Many techniques have been improved to detect the cancerous cells. At different microwave frequencies, the malignant cells indicate different electrical characteristics as compared to the normal cells. According to these frequencies, the breast tissue is more permeable than other tissues such as the brain and muscle. Due to this property of the breast tissue, microwaves can be used for the detection of breast cancer. In this study, the breast prototype was modelled using the CST STUDIO SUITE electromagnetic simulation software with respect to different breast size, tumor size and dielectric values tested at a range of the 0-3.0 GHz frequency. The objective of this paper is to investigate the effects of each factor and the interactions of factors on detecting cancer cells using the factorial analysis. The results indicate that the factors such as fat and skin permittivity, tumor and breast sizes are more effective in the detection of breast tumor. Although the effect of fibro permittivity is not significant alone, there are considerable interaction effects of a large breast size and small tumor size through low-to-high values of fibro permittivity. Furthermore, the combinations of a breast radius smaller than almost 8.5 cm with a high level tumor radius and breast radius larger than 8.5 cm with a low level tumor radius are desirable for lessening the return loss value.
INTRODUCTION
Breast cancer is one of the main reasons of female death worldwide [1] [2] [3] [4] [5] . It is a key factor that the tumor be recognized in the early stages for a higher survival rate. In the last decade, the Microwave Imaging System [6] [7] [8] [9] [10] has been the focus of many researchers because of some drawbacks of the existing breast cancer detection techniques which are the magnetic resonance imaging (MRI), X-ray mammography, and ultrasound. Among these breast cancer imaging techniques, the MRI cost is very high and it also only has the advantage of screening evaluation before surgical operation. The X-ray mammography has hazardous radiation, false positives and painful breast compression. The microwave-based breast cancer imaging is one of the most promising methods for detecting breast cancer during its early development. This method relies on the differences in the dielectric properties of benign and malignant breast tissues which are skin, fat, fibro glandular, tumor [1, 2] .
Dielectric properties of a material are obtained by measuring its ability to interact with electromagnetic energy [11] . The electric and magnetic forces generated by electromagnetic (EM) fields can cause changes in the interaction results. In addition to that, these properties tell us a lot about the mechanism of interaction of electromagnetic fields with various biological systems, including biopolymers, membranes and cells.
An EM field primarily acts upon components within the materials in biological tissues. These materials have a net electric charge and/or electric dipole moment. The main source of electric dipole moments in tissues belongs to polar molecules. The other additional sources are protein structures, muscles, fat, etc. Due to the fact that the electrical properties of a tissue are determined by such a wide variety of components, as reflected in different dielectric dispersions, these properties exhibit significant variations.
The thermal phenomena of conduction, convection and radiation play only a secondary role in temperature equilibrium, when an object is exposed to microwaves. The reason for this is that the release of heat is so instantaneous.
In a research study, the data from 15 patients showed that the values of dielectric properties for malignant breast tissues at 1-2 GHz are 3-5 times higher than the normal breast tissues [1] . In another study, 12 measurements indicated that dielectric properties of malignant breast tissues are roundly 10 times greater than the normal breast tissues since malignant tissues have a lot of water and are also more active in relation to the normal tissues.
Malignant tumors have higher relative permittivity and conductivity values than the normal breast tissue. These values can be as high as 10 times for adipose fat, but drop to a contrast of around 10%, mainly in conductivity, for fibro glandular (FG) tissue. This contrast has posed a challenge for the microwave imaging community as FG tissue is where most breast tumors originate [12] . Understanding the mechanisms that result in the high permittivity and hyperconductivity of tumors is therefore a crucial part of breast cancer imaging. There have been many factors with difference in dielectric properties between the normal and malignant tissues.
One of factors is necrosis [13] . It is usually found in malignant breast tissue. Necrosis leads to the breakdown of cell membranes and thus a larger fraction of tissue can carry current at low frequencies, which decreases the capacitance of the tumor.
The second factor is the charging of the cell membrane [13] . In breast carcinoma, fat lobules are replaced with fibroblastic proliferation and epithelial cells are accompanied by a variety of alterations at the transformed cell surface. Cancer cell membranes have a reduced potential and have the ability to absorb positive ions because they have a higher negative surface charge. As a result, the conductivity of the malignant tissue is increased because of the displacement and rotations of this mobile charge by the microwave field.
The relaxation times which are a third factor in malignant tissues are larger than those in the normal tissues resulting from the increased motional freedom of water [13] . The last one is sodium concentration and water content [13] . The sodium concentration in cancer cells is higher than that in normal cells. The high sodium concentration alone yields higher permittivity and conductivity values for malignant tissue. This higher sodium concentration also affects the cell membrane potential and causes the malignant tissue to retain more fluid. This retained fluid is in the form of bound water, which has higher permittivity and conductivity values. Malignant tissue therefore has a higher water content ratio than that of normal tissue, which coincides with higher values of permittivity and conductivity than normal breast tissue at the same microwave frequency.
The understanding and development of medical microwave techniques needs knowledge of the microwave dielectric properties of human tissues. There have been many data on the dielectric properties of female human normal/malignant/benign and surrounding breast tissue.
Dielectric properties of breast carcinoma and the surrounding tissues were measured [14] . The experiments were performed at the frequencies from 100 kHz to 100 MHz at 37 °C using an automatic network analyzer and an end-ofthe-line capacitive sensor. Using a computer program, the cole-cole parameters were found by curve fitting. Tissues were divided into three main categories. These were the central part of the tumor, the tumor surrounding tissue, and the peripheral tissue. Tumor specimens were taken from seven different patients. From each specimen, depending on its size, 2-6 samples in the form of thin disks were excised. The number of samples was 28. The duration of all measurements was 4 h after the surgery. As seen from Table  1 , measurements showed significant differences in dielectric properties between the samples taken from different locations. Surgical pathology reported the following diagnoses: A-infiltrating ductal carcinoma without metastases, B-infiltrating ductal carcinoma, C-infiltrating ductal carcinoma with focal papillary component, Dinfiltrating carcinoma consistent with lobular carcinoma, Einfiltrating lobular carcinoma, F-infiltrating ductal carcinoma, G-infiltrating lobular carcinoma.
Using a resonant cavity technique, complex permittivity of in vitro diseased and non-diseased human female breast tissues were measured at 3.2 GHz [15] . Both dielectric properties and water contents of these tissues were found. Experimental data were compared with the models predicted from mixture equations.
Hitherto, breast cancer detection studies were carried out using dielectric properties; however the effect of dielectric properties has not been investigated. A 3D-breast was modeled by using the CST STUDIO SUITE electromagnetic simulation software and analyzed by using different dielectric properties and different breast and tumor sizes based on experimental design analyses results in the frequency range from 0 GHz to 3 GHz.
Design of Experiment (DOE) techniques have been used extensively in many different scientific fields. These techniques are beneficial for getting accurate statistical inferences for revealing the effects of factors on a process with less experimenting rather than considering all the combinations of factors. One of the DOE technique applications is found in [16] for analytical chemistry. In another study [17] , a considerable decrease of patient dissatisfaction was given for the emergency room. [18] applied the factorial design technique to see the effects of prophylactic antiemetic interventions on the risk of postoperative nausea and vomiting of the surgery patients. Another case study on the effect of treatment factors on the quality of life of patients with breast cancer is found in [19] . In this study, 2 k factorial design is used to reveal the effects of factors and their interactions on the success of detecting breast tumor.
The outline of the paper starts with the introduction section. It is followed by illustrating the factors considered in breast cancer detection and applying simulation and the general factorial design. In the third section, significant effects of factors and their interaction graphs are given. Finally, further suggestions on the improvement of breast cancer detection are explained in the conclusion part. 
SIMULATION MODEL OF BREAST TUMOR
A hemisphere breast model was designed as showed in Fig. 1 according to the dielectric properties of tissues which are permittivity (ε) and conductivity (σ). Microwave imaging was carried out by transmitting a sequence of electromagnetic waves through the breast model and measuring the scattered field on the breast. The design points that are the combinations of 10 factors values ranging from their lower values to upper values given in Tab. 2 are generated by experimental design methods by using the Design Expert 7.0 Trial Version. Design space is used in the CST simulation model for assessing the return loss values (S11). In order to find the input-output relationship, main effects and interactions of factor effects on detecting breast tumor, S11 values obtained from the simulation are entered as experimental design output values. The flow of the method application in this study is given in Fig. 2 . 
RESULTS
2 k factorial design is used with V Resolution in this study. It means that each factor has two levels. In this experiment, there are ten factors, and in order to lessen the number of experiments, we can exclude some design points by using the resolution property of the factorial design technique. Hence, the fractional factorial is used and 2 10−3 = 128 experiments are conducted. The analysis of variance (ANOVA) results in Tab. 3 show that our model with a p-value less than 0.0001 represents the design space significantly. The p-values of the factors A, C, J and K are less than 0.05 and they can be concluded as having significant effects with the confidence of 0.95. Thus, Skin ε, Fat ε, BreastRadius and TumorRadius are obtained as main concerns in the detection of breast cancer. The graphs of the each significant factor's main effect on the value of S11 is illustrated in Fig. 3 . The factors BreastRadius (J) and TumorRadius (K) seem to be more influential than others on the change of the S11 value in terms of their slopes of the lines. However, the difference is that while the S11 value decreases through low-to-high values of BreastRadius (J), the low-to-high values of the TumorRadius (K) increase.
In order not to illustrate all of the two factor interactions, only significant interaction effects of AJ, BD, CE, CJ, CK, EJ, EK, and JK are given in Tab. 4. The interactions of factors are important to be considered to demonstrate the effect of two factors together on the value of S11. Hence, the significance of two factors may result as lesser or greater than each factor alone. In Fig. 4 , the graphs of interactions from Tab. 4 are demonstrated. In the AJ interaction graph, Skin ε has no significant effect on the S11 value for the small size BreastRadius. However, for the large size BreastRadius, the S11 value increases through the low-to-high values of Skin ε. In the BD interaction graph, the S11 value increases at the high value of Fat σ through the low-to-high values of Skin σ . In the interaction graphs of CE, CJ and CK, the S11 value increases through the low-to-high values of Fat ε for the high value Fibro ε, for the large size of BreastRadius and the small size of TumorRadius, respectively. Similarly, in the graph of EJ and EK interactions, S11 decreases for the large size of BreastRadius and the small size of TumorRadius through the low-to-high values of Fibro ε.
Finally, in the last graph, while BreastRadius is smaller than 8.5 cm, S11 values for the large size TumorRadius are less than for the small size. However, this interpretation becomes reverse after the 8.5 cm size BreastRadius. However, the values of S11 for the large size TumorRadius are greater than the small size. By using the numerical optimization tool of the Design Expert, the minimum value of S11 is found. In order to have a minimum S11 value, the optimal design points are given in Fig. 5 .
The desirability graph based on two most effective factors on breast tumor detection is demonstrated in Fig. 5 .
The desired value of S11 is -21.8547. It is seen that the S11 value decreases at the given values of factors in Fig. 5 , and the increasing values of breast radius size and decreasing values of tumor size considerably help the detection of breast tumor.
Figure 4 Factors' interaction effects
Breast cancer is one of the most widespread cancers among females. Various research groups have focused on microwave breast imaging techniques that are non-invasive and harmless to women. The microwave breast imaging technique relies on the differences in the dielectric properties of benign and malignant breast tissues which are skin, fat, fibro glandular, tumor. Breast cancer detection studies were carried out by using dielectric properties of skin, fat, fibro glandular, and tumor tissues. However, the effect of dielectric properties has not been investigated. A 3D-breast was modeled by using the CST STUDIO SUITE electromagnetic simulation software and analyzed by using different dielectric properties and different breast and tumor sizes based on experimental design analyses' results in the frequency range from 0 GHz to 3 GHz.
The results of this study show that some factors do not have significant effects on the detection of breast tumor as it was considered in previous studies. The main factors such as fat and skin permittivity, breast and tumor size seem to be important factors among others. Moreover, interaction effects are crucial for observation. However, the effects of some factors change based on low or high the values of others are. For instance, although the effects of the factors fibro permittivity, skin and fat conductivity are not significant alone, their interaction effects are meaningful. Particularly, through the low-to-high values of fibro permittivity with a large size breast and a small size tumor, the return loss value seems to decrease. The effect of the low-to-high values of skin and fat conductivity together increases the return loss value.
In future experiments, the design points can be constructed by using only the significant factors in order to lessen the number of factors and increase the precision of the model. For further studies, a phantom model will be carried out by using the results of this study.
